Double Inflation in Supergravity and the Boomerang Observations 
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One of the biggest mystery of the recent observation of cosmic microwave background anisotropies 
by the boomerang team is insignificance of the second acoustic peak in the angular power spectrum. 
It is very difficult to explain such a low amplitude without assuming the higher baryon density 
than predicted by the Big Bang Nucleosynthesis (BBN). Employing the double inflation model in 
supergravity, we show that the density fluctuations produced by this inflation model can produce a 
sufficient low second acoustic peak with the standard value of the baryon density from BBN. It is 
shown that these density fluctuations are also consistent with the observations of cluster abundances 
and galaxy distributions. 
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I. INTRODUCTION 

After the discovery by COBE/DMR [Q, anisotropies 
of Cosmic Microwave Background radiation (CMB) be- 
come one of the most important targets of modern cos- 
mology. Theoretical works reveal that they contain rich 
information, i.e., geometry of the universe, the baryon 
density, the total matter density, the Hubble parameter, 
thermal history and so on [^J. However, it turns out that 
the angular resolution of COBE/DMR was too crude to 
obtain above information. Precise measurements of so- 
called acoustic peaks in the angular power spectrum on 
arcminute scales are necessary to determine these cosmo- 
logical parameters. 

There are many attempts to observe CMB anisotropies 
on arcminute scales after COBE/DMR discovery ||. Re- 
cently, the boomerang team has reported very clear evi- 
dence of the first acoustic peak in the angular power spec- 
trum of CMB anisotropies (J]. The location of the peak 
suggests the flatness of the universe. However, there re- 
main some mysteries in their result. One of them is a rel- 
atively low second acoustic peak if there exists. The most 
natural way to explain such a low peak is to increase the 
value of Vtsh 2 , where Q,b is the baryon density param- 
eter and h is the non-dimensional Hubble constant nor- 
malized by lOOkm/s/Mpc, since increasing fish 2 boosts 
only odd number peaks Q . In order to fit the data, how- 
ever, Vlsh 2 needs to be larger than the value constrained 
by Big Bang Nucleosynthesis (BBN) j| . 

There are several possibilities to explain the low ampli- 
tude of the second acoustic peak. Among them, a tilted 
initial power spectrum, increasing the diffusion length , 



and degenerated neutrinos |7]] can be considered. How- 
ever, it seems that none of them provides a small enough 
second-first peak height ratio without increasing QBh". 
Here we propose double inflation which breaks a coherent 
feature of the initial power spectrum as a candidate for 
solving this mystery. 

Recently we studied a double inflation model with hy- 
brid and new inflations and its cosmological implica- 
tion It was found that both inflations could pro- 
duce cosmologically relevant density fluctuations if the 
total e-fold number of new inflation is small enough. In 
this case, there appears a breaking scale in the density 
power spectrum which corresponds to the horizon scale 
of the transit epoch from hybrid to new inflation. The 
fluctuations on scales larger (smaller) than the breaking 
are produced by hybrid (new) inflation. Assuming the 
'standard' cold dark matter model with CIq = 1, where 
S7o is the density parameter of a matter component, we 
can fit both cluster abundances and galaxy distributions 
with the COBE/DMR normalization when we set the 
amplitude of perturbations produced by new inflation is 
smaller than the one by hybrid inflation. Accordingly we 
generally obtain smaller acoustic peaks in the CMB an- 
gular power spectrum since the peaks are controlled by 
new inflation and the Sachs- Wolfe tail on larger scales 
whose amplitude is fixed by the COBE normalization is 
determined by hybrid inflation. 

Therefore, we may be able to explain cluster abun- 
dances, galaxy distributions and the low second acoustic 
peak at once by introducing double inflation if the brak- 
ing scale is in between first and second peaks by chance. 
In this paper, we first explain the double inflation model 



1 



and compare the resultant density power spectrum and 
CMB angular power spectrum with observational data. 
We take Oo + Ao = 1, i-e., a spatially flat universe. Here 
Ao is the density parameter of a cosmological constant. 
We also take Fish 2 = 0.02 which is the best value from 
BBN analysis §. 



II. DOUBLE INFLATION MODEL 
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where V is the inflaton potential obtained from Eqs.(|l]) 
and (^J) including one-loop corrections. In the hybrid 
inflation model, density fluctuations are almost scale in- 
variant, ?i prc ~ 1, where n pro is a spectral index for a 
power spectrum of density fluctuations. 



We adopt a double inflation model proposed in Ref. 
fiof . Here we briefly describe the model in order to show 
the relation between model parameters and the power 
spectrum of the density fluctuations. The model consists 
of two inflationary stages; the first one is called preinfla- 
tion. Here we employ hybrid inflation |ll[] (see also Ref. 
p2|) as preinflation. We also assume that the second in- 
flationary stage is realized by a new inflation model fl3j | 
and its e-fold number is smaller than ~ 60. Thus, the 
density fluctuations on large scales are produced during 
preinflation and their amplitudes should be normalized 
to the COBE data [|4|. On the other hand, new infla- 
tion produces fluctuations on small scales. Thus, this 
power spectrum has a break on the scale corresponding 
to a turning epoch from preinflation to new inflation. As 
for the detailed argument of dynamics of our model, see 
Refs. [100. 



A. First inflationary stage 

First, let us briefly discuss a hybrid inflation 
model Jll]]. The hybrid inflation model contains two 
kinds of superfields: one is S(x,6) and the others are 
a pair of ^(x,9) and ^(x,9). Here 9 is the Grassmann 
number denoting superspace. The model is based on the 
V(1)r symmetry under_which S(9) -> e 2la S(9e~ la ) and 
#(0)#(0) -> ^(9e- ia )^(9e' la ). The superpotential is 
given by O 



W(S, *) = -ii 2 s + xs^. 

The i?-invariant Kahler potential is given by 
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where the ellipsis denotes higher-order terms which we 
neglect in the present analysis for simplicity. We gauge 
the U(l) phase rotation:* -> e lS ^> and * -> e~ lS ^>. To 
satisfy the D-term flatness condition we take always * = 
in our analysis. For \S\ > \S C \ = h/t/k, the effective 
potential V has a minimum at * = * = 0. That is, for 
1 5 1 > | S c |, the energy density is dominated by the false 
vacuum energy density /z 4 and inflation takes place. We 
identify the inflaton field with the real part of the 

field S. 

We define Acobe as the e-fold number corresponding 
to the COBE scale and the COBE normalization leads 
to a condition for the inflaton potential, 



B. Second inflationary stage 

Now, we consider a new inflation model. We adopt an 
inflation model proposed in Ref. p3| . The inflaton su- 
perfield c/>(x, 9) is assumed to have an R charge 2/(n + 1) 
and U(1)a is dynamically broken down to a discrete Z2 n R 
at a scale v, which generates an effective superpoten- 
tial (130, 
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The i?-invariant effective Kahler potential is given by 



K{4>) = \^ 



(5) 



where k is a constant of order 1. Hereafter we take n = 4 
and g = l for simplicity. 

An important point on the density fluctuations pro- 
duced by new inflation is that it results in a tilted spec- 
trum with spectral index n ncw given by 



1 - 2k. 
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C. Initial value and fluctuations of the inflaton ip 

The crucial point observed in Ref. [|l0| is that prein- 
flation sets dynamically the initial condition for new in- 
flation. We identify the inflaton field p(x)/-\/2 with the 
real part of the field <f>(x). Then, the value of tp at the 
beginning of new inflation is given by |17| 
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Therefore, in our model, ipf,, the e-fold number of the 
second inflation (iV new ), and A^cobe are determined by 
only model parameters. On the contrary, in the other 
double inflation models (fb should be put by hand. In our 
model we have four model parameters (/i, A, v, k) among 
which (i is expressed by the other parameters with use of 
Eq. (ffl). Thus there are three free parameters. 
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D. Numerical results 

We estimate density fluctuations in double inflation 
by calculating the evolution of ip and a numerically. For 
given parameters k and A, we obtain the breaking scale 
kf, and the amplitude of the density fluctuations 5b pro- 
duced at the beginning of new inflation. Here, k^ 1 is 
the comoving breaking scale corresponding to the Hubble 
radius at the beginning of new inflation. We can under- 
stand the qualitative dependence of (kb,5b) on (k, A) as 
follows: When n is large, the slope of the potential for 
new inflation is too steep, and new inflation cannot last 
for a long time. Therefore, the break occurs at smaller 
scales. In fact, we can express kb as 
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As for 5b, we can see from Eq.(||) that as A becomes 
larger, /i also must become larger. In addition, we can 
show that 
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for a given v (see Ref. M). Thus, we have larger 5b for 
larger A. 

In our previous work ||, we have shown that if A ~ 
0(1O- 4 - 10" 3 ) and 0.1 < n < 0.2 , k b is at a cos- 
mological scale (10 _3 /iMpc _1 < kb < 1/iMpc -1 ), and 
density fluctuations produced during new inflation are 
not too far from those of preinflation (0.1 < TZ = 
Pncw/Pprc ^ 10). Here P ne w and P pre refer to the ampli- 
tude of the power spectrum of the density fluctuations at 
kb, produced by new inflation and preinflation, respec- 
tively: 
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where T{k) is a matter transfer function. 



III. COMPARISON WITH OBSERVATIONS 

A. Second acoustic peak 

The spectral index of new inflation n ncw is n ncw ~ 
1 — 2k < 1 [see Eq.(|J)]. Also, the amplitude of the density 
fluctuations on smaller scales, which are produced during 
new inflation, can be smaller than that on larger scales, 
which is normalized to the COBE/DMR data. Thus, in 
our double inflation model, if the breaking scale kb is 
in between the first and the second peaks of the CMB 



angular power spectrum, there is a possibility to explain 
the lower second acoustic peak of the boomerang results. 

Here we take n new — 0.8 (k ~ 0.1) as an example. 
Since the location of the first acoustic peak (the multi- 
pole moment £ ~ 200) corresponds to the comoving wave 
number k ~ O(10 _2 )ft.Mpc _1 , we have searched param- 
eter sets within the parameter range of 0.001/iMpc -1 < 
k b < 0.04/iMpc" 1 , and 0.7 < TZ < 1, which can produce 
a lower second acoustic peak of the CMB angular power 
spectrum. 

In Table [| samples of these parameters are listed. 
From the recent observations of Type la supernovae, 
f^o is estimated as f2 ^ 0.5 [l8| . Therefore, we take 
Ho = 0.4, 0.5, and 0.6, for example. Also, in Fig.0, we 
plot the angular power spectrum of the CMB anisotropics 
for these parameters. From this figure, we can see 
that our double inflation model has a parameter region 
which can explain the lower second acoustic peak of the 
boomerang observations as expected. 



B. Cluster abundances and galaxy distribution 

As we have seen in the previous subsection, our dou- 
ble inflation model can explain the low second acous- 
tic peak of the boomerang data. However, we need to 
check whether it is consistent with other observations. 
In this subsection we compare the result of our double 
inflation model with the observations of the cluster abun- 
dances [|l9|,^(| and galaxy distributions [^l) . 

Usually the constraint on the power spectrum from 
observations of the cluster abundances is expressed in 
terms of as, the specific mass fluctuations within a sphere 
of a radius of 8/i _1 Mpc. Since the power spectrum of the 
density fluctuations shows a break on the cosmological 
scale in our double inflation model, we cannot simply 
employ the value of as quoted by previous works Jl9],^0| . 
We need to calculate the cluster abundances by using the 
Press-Schechter theory p2| . 

When we determine the breaking scale kb, the power 
spectrum ratio TZ = P n cw/Pprc, and the spectral index 
for new inflation n now , we can get the power spectrum 
up to normalization A c \. Using this power spectrum we 
can calculate the comoving abundance of the clusters as 
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where mass distribution dn/dM is obtained by the Press- 
Schechter formula. 

Many clusters of galaxies are observed with use of x- 
ray fluxes. Under the assumption that clusters are hy- 
drostatic, we can obtain the mass-temperature relations 
as 
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where A c is the ratio of the density of a cluster 
to the background mean density at that redshift, (3 
is the ratio of specific galaxy kinetic energy to spe- 
cific gas thermal energy, and X is the hydrogen mass 
fraction. Following Ref. [|9|, we take X = 0.76, 
[3 = 1. Also, A c can be approximated as A c ~ 

18^ 2 [l + 0.4093 (l/r» -l) ' 9052 ] g|. 

The observed cluster abundance as a function of x-ray 
temperature can be translated into a function of mass 
using Eq. ( |T^). Accumulating the observations, Henry 
and Arnaud |24| gave the fitting formula as 
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Rcf. j24j also gave a table of cluster observations whose 
temperatures are larger than 2.5 keV, which determines 
the lower limit Af m i n from Eq. (|l2|). Therefore, by inte- 
grating Eq. (|l3| ) we obtain 

6.6 x 10~ 6 < n{> M min ) < 4.3 x 10~ 5 . (14) 

Matching these abundances, Eq. ( pTl]) calculated from the 
Press-Schechter theory, and Eq. (|14|) inferred from the 
x-ray cluster observations, we can determine the normal- 
ization (amplitude) of power spectrum, A c \. Using this 
normalization, we can obtain "cluster abundance normal- 
ized" cr 8 , cr 8 cl , as 
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r =8h~ 1 Mpc 



where P(k; A) is a present matter density fluctuation 
power spectrum with a normalization A, and W(x) is 
a window function. Because of errors in observations, we 
have some range for allowed o^ci- 

On the other hand, we can normalize the power spec- 
trum by COBE data Therefore, we have "COBE 
normalized" erg, crs.COBE together with <78, c i- Bunn and 
White estimates one standard deviation error of 
COBE normalization to be 7% which is much smaller 
than the one of cluster normalization. We assume that, 
therefore, if <7s,COBE lies in an allowed og.ci range, the 
parameter region of fcj,, 1Z, and n now is consistent with 
the cluster abundance observations. As for the parameter 
sets for models (a) to (c) in Table B, we have confirmed 
that they all satisfy the cluster abundance constraint. 

We also have to investigate whether our parameter sets 
are consistent with the observations of galaxy distribu- 
tions. There are many observations which measure the 
density fluctuations from galaxy distributions. Among 
them we use the data sets compiled by Vogeley |2f| from 
Refs. [|lj in this paper. 

Employing the COBE normalization, we can deter- 
mine the power spectrum with its overall amplitude if 
we fix the breaking scale kb, the power spectrum ratio 



7Z, and the spectral index for new inflation n now . One 
might make direct comparison of this power spectrum 
with above observations of galaxy distributions. How- 
ever, distribution of luminous objects such as galaxies 
could differ from underlying mass distribution because 
of so-called bias. There is even no guarantee that each 
observational sample has the same bias factor. There- 
fore, we only consider the shape of the power spectrum 
here. We change the overall amplitude of each set of ob- 
servations arbitrarily. Thus, we estimate the goodness 
of fitting by calculating % 2 of this power spectrum with 
fixing kb,TL, and n ncw . 

5 For each parameter set we have chosen in the previous 
subsection, they fit the observations of galaxy distribu- 
tions well (reduced Xg a i — 1), except for model (a) [see 
Table [|. In Fig. ||, we plot the power spectrum of the 
density fluctuations for the model (b) in Table | as an 
example. 



IV. CONCLUSIONS AND DISCUSSIONS 

The boomerang team has reported that there is a low 
second acoustic peak in the angular power spectrum of 
CMB anisotropics. Although there are some explana- 
tions to this lower peak, they seem to need higher baryon 
density than predicted by the Big Bang Nucleosynthesis. 
In this paper, we have considered the double inflation 
model in supergravity, and shown that the density fluc- 
tuations produced by this inflation model can produce 
this low second acoustic peak. 

Since the density fluctuations in our model has a non- 
trivial spectrum, we have checked that it is consistent 
with the observations of the cluster abundances and the 
galaxy distributions. We have found that the fit to the 
data in our model is very good if we take £lo — 0.5. We 
can conclude that the double inflation model can account 
for the boomerang data without conflicting other obser- 
vations. In particular, we stress that our model docs not 
require high baryon density and hence is perfectly con- 
sistent with BBN. 
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FIG. 1. The CMB angular power spectra for four param- 
eter sets. The symbols with error bars are the boomerang 
data. The short dash line, long dash line, and dot-short dash 
line correspond to model (a) to (c) in Table [jj respectively. 
For comparison, we also plot the Lambda CDM model (model 
(d) in Table |) in a solid line. 
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TABLE I. The break parameters and reduced Xgai- I n the 
models (a) to (c), we employ n now = 0.8. For comparison, 
the cosmological constant dominated CDM model and the 
'standard' standard CDM model are shown in (d) and (e), 
respectively. In all cases, Qsh 2 = 0.02. 
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FIG. 2. The power spectrum of the density fluctuations for 
the model (b) in Table | 
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